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Abstract 
We study impact of the near-interfacial oxide traps on the C-V and I-V characteristics of 
graphene gated structures. Methods of extraction of interface trap level density in graphene field-
effect devices from the capacitance-voltage measurements are described and discussed. It has 
been found that the effects of electron-electron or hole-hole interactions and electron-hole 
puddles can be mixed in C-V characteristics putting obstacles in the way of uniquely determined 
extraction of the interface trap density in graphene. Influence of the interface traps on DC and 
AC capacitance and conductance characteristics of graphene field-effect structures is described. 
It has been shown that variety of widths of resistivity peaks in various samples could be 
explained by different interface trap capacitance values. 
 
Index terms: graphene, field-effect structure, interface traps, electric characterization, gate 
capacitance, channel capacitance, transconductance, field-effect mobility, 1/f noise, extraction 
methods, modeling. 
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1. Introduction 
Occurrence of charged defects in insulating layers nearby the conductive channels often referred 
to as “interface traps” or “border traps” is practically unavoidable generic problem of all field-
effect devices [1, 2]. The charged oxide defects located near the graphene sheet cause scattering 
of carriers in the channel resulting in a decrease of free path time and carrier mobility due to the 
elastic Coulomb scattering mechanisms [3]; [4]. There exists another prominent effect of the traps 
in field-effect devices. It is well known that high density of interface traps suppress the electric 
field effect in gated structures and degrades the shapes of transfer I-V characteristics [1]. 
Interface traps also straightforwardly influence on the C-V gate characteristics due to fast carrier 
exchange between defects and channel during DC voltage ramp or AC small-signal input signal 
[5]. The extensive systematic experimental studies of the interface traps in graphene field-effect 
structures are still lacking. Therefore the role of fast interface traps in operation of graphene 
gated structure as a FET needs to be understood [6]. 
Rapid progress of graphene electronics has led to a growing need for simple and reliable 
methods of electric characterization of graphene field-effect structures. The problem is that many 
physical phenomena cannot manifest themselves directly, but only through the secondary device 
effects. By this reason the I-V curves of graphene and silicon FETs seem often to be very similar 
since their generic operation principle relies mainly upon classical electrostatic induction. 
Intrinsic fundamental parameters of devices are often reflected in experimental data as 
contaminated by many extrinsic occasional factors such as interface traps, parasitic resistance, 
capacitances, and technology-dependent defects. Without a systematic study of those factors, the 
validity of electrical data extracted from the FET characteristics cannot be considered accurate 
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enough. Thus, data reported in the graphene literature should be taken with caution, as the 
majority of publications don't take any precautions to improve the quality of electrical data [7]. 
The chapter is organized as follows. Section 2 describes briefly a concept of interface traps as 
rechargeable oxide defects sensing the Fermi energy position in the channel. Section 3 is devoted 
to the model background equations where we examine the concepts of quantum capacitance, gate 
capacitance and channel capacitance. Interface trap level density extraction methods from C-V 
characteristics and modeling of the gate capacitance taking into account the effects of electron-
electron interactions, electron-hole puddles and interface traps are described in Section 5. 
Influence of interface traps and ionizing irradiation on the graphene FET’s characteristics is 
reviewed in Section 6. 
2. Interface traps as near-interfacial rechargeable defects 
Graphene sheet is located as a rule between the two insulated dielectrics. The interfaces between 
graphene and both top and bottom insulating layers are non-ideal and can have interface or near-
interfacial defects which can significantly degrade device performance [8]. If the trapped charge 
constitutes a significant portion of the mobile charge in the graphene channel then recharging 
processes would significantly impede the change of the Fermi energy, degrading thusly 
transconductance and field-effect mobility in graphene transistors. 
Near-interfacial traps (defects) are located exactly at the interface or in the underlying oxide 
typically within 1-3 nm from the interface. These defects can have generally different charge 
states and capable to be recharged by exchanging the carriers (electrons and holes) with the 
device channels. Due to the carrier exchange possibility the near-interfacial trap occupancy 
senses the Fermi level position in graphene (see Fig.1).  
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Fig. 1. Emptying and filling of the oxide traps located at or near the interface at different Fermi 
level positions in graphene. 
 
Each gate voltage in graphene gated structure corresponds to the respective position of the Fermi 
level in graphene sheet with own equilibrium defect’s occupation and quasi-equilibrium total 
trapped charge ( )t FQ ε . The traps rapidly exchanging the carriers with the graphene are often 
referred as to the (fast) interface traps (Nit) [1, 5]. Interface trap capacitance per unit area Cit 
(F/cm2) and the interface trap level density ( )itD ε (cm-2 eV-1) is defined as differential response 
of trapped charge to Fermi energy variation 
 
( ) ( )( ) ( )2it F t F it F
F
dC Q e D
d
ε ε εε≡ − = .    (1) 
 
Notice that quantum capacitance ( ) /Q e h FC ed n n dε= −  is defined for mobile delocalized 
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carriers in graphene layer. Typically (but not necessary) the trapped and mobile carriers are in 
quasi-equilibrium due to charge exchange between the traps and channel and have common 
Fermi energy. Due to equilibrium or non-equilibrium recharging processes the performance 
characteristics of graphene field-effect transistors are sensitive to the interface traps close to the 
graphene surface [9, 10].  It is useful to note that 1 fF/µm2 ≅ 6.25 × 1011 cm-2 eV-1. 
3. General Background 
3.1.  Electrostatics of graphene single gated structure 
Description of planar electrostatics of a single-gate graphene structure is based on electric charge 
neutrality of the whole field-effect structure G t e hN N n n+ = − , where GN  is the area density of 
(positive) charge located on the gate, tN  is the charged defect density (cm
-2) which is 
conditionally assumed to be positively charged ( t tQ eN= ), S e hn n n= −  is the net charge density 
as imbalance of electron and hole concentrations in graphene.  
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Fig. 2. Energy band diagram of graphene single-gated field-effect structure. 
 
Fig. 2 shows a specific view of energy band diagram of the graphene gated structure. 
The basic equation of graphene planar electrostatics for single-gated structure can be written 
down in a form 
 
( ) ( ) ( )( )22 0t F t FSG NP F
ox ox
e N Ne ne V V
C C
ε εε = −− = + + ,   (2) 
 
where 0 /ox ox oxC dε ε=  is the capacitance (F/cm2) of the insulating oxide with thickness oxd  and 
dielectric constant oxε . The charge neutrality point (CNP) gate voltage (Dirac point) 
corresponding to the minimum of capacitance or conductivity VNP is determined by the work 
function difference between the gate material and graphene sheet GGϕ , and also by an 
equilibrium density of the charged near-interfacial defects at the CNP  
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( )0t F
NP GG
ox
eN
V
C
εϕ == − .     (3) 
 
Taking for brevity without loss of generality VNP =0 and assuming constant density of the trap 
states one reads ( ) ( )( )2 0t F t F it Fe N N Cε ε ε= − ≅ . Taking into 2 2 20/S Fn vε π= =  ( 0v  is the 
graphene Fermi speed) the basic equation of graphene planar electrostatics can be written down a 
in a form [11] 
 
2 2
2
S it F
G F F F
ox ox a
e n CeV m
C C
εε ε ε ε= + + ≡ + ,   (4) 
 
where we have introduced for convenience a dimensionless “ideality factor” 
1 it
ox
Cm
C
≡ + .      (5) 
 
Every graphene field-effect structure is characterized by the unique energy  
 
2 2
0 0
22 8
ox ox ox
a F
Q G ox
C v C v
C e d
π εε ε α= = =
= =
,     (6) 
 
where the graphene “fine structure constant” is defined as ( in SI units) 
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2
0 04
G
e
v
α πε= = .      (7) 
 
The characteristic energy aε  varies in the range from ~ 10-3 eV at oxd ~ 200 nm and 4oxε =  
(SiO2) to aε  ~ 0.5 eV at oxd ~2 nm and oxε  = 16 (HfO2).[11] 
3.2.  Quantum capacitance  
Capacitance measurements provide important information about density of states of the localized 
and the mobile states at the Fermi energy in the 2D systems. The former ( itC ) is associated with 
the interface traps which are capable to change their occupancy with gate bias changes and have 
energy levels distributed throughout the insulator bandgap. The latter ( 2 /Q S FC e dn dε= ) is 
connected with the thermodynamic compressibility and is often referred to as quantum 
capacitance. The concept of “quantum capacitance” was introduced  in order to develop an 
equivalent circuit model for devices that incorporate a highly conducting two-dimensional (2D) 
electron gas [12].  
 
Fig. 3  Equivalent electric circuit of single-gated graphene device. 
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In contrast to conventional silicon MOS structures the QC  in zero bandgap graphene is always 
comparable with itC  and cannot be neglected in electric equivalent circuit (see Fig.3). The 
quantum capacitance can be considered as a direct generalization of the “inversion layer 
capacitance”[13] in the silicon MOSFETs to the case of strictly one-subband filling. The 
inversion layer (“quantum”) capacitance plays rather minor role in the silicon MOSFETs since it 
is negligibly low in the subthreshold operation mode (arising due to finite bandgap in the Si) and 
extremely high in the above threshold strong inversion regime. In the former case the quantum 
capacitance in MOSFETs is masked by the parasitic interface trap and the depletion layer 
capacitances connected in parallel in the equivalent electric circuit, and in the latter case it is 
insignificant due to the series connection with the gate insulator having typically lesser 
capacitances for high carrier densities in inversion layers. 
Generally the total charge density in graphene consists of the electron en  and the hole hn  
components which are calculated exactly for ideal homogeneous graphene as function of the 
Fermi energy (chemical potential) Fε  
 
2
2 2
0
2 F F
B Bk T k TB
e h
k Tn n Li e Li e
v
ε ε
π
−⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎜ ⎟± = ± − − −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠=
,    (8) 
 
 Li2(x) is the poly-logarithm function of the 2-nd order [14], v0 (~108 cm/s) is the characteristic 
graphene speed. This relationship yields an exact value of residual intrinsic concentration 
( ) ( ) ( )( )200 0 / 3i e F h F Bn n n k T vε ε π= = + = = =  in ideal graphene at the CNP. Quantum 
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capacitance is calculated in ideal graphene as derivative of the net charge density in the channel 
with respect to chemical potential  
 
( ) [ ]22
min
0 0
ln cosh 22 ln 2 2cosh 1
ln 2
e h F BB F
Q Q
F B
d n n k Tk TeC e C
d v v k T
εε
ε π
⎛ ⎞ ⎛ ⎞− ⎛ ⎞ ⎛ ⎞= = + = +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠= =
. (9) 
 
Note that the quantum capacitance QC  is an even function of the Fermi energy with the 
minimum value determined by the thermal de Broglie wavelength 0dB Bk T vλ = =  in graphene 
 
2
min
0 0
2 ln 4BQ
k TeC
v vπ= = = ~10 fF/µm
2.    (10) 
 
For a relatively high doping case ( F Bk Tε >> ) we have an approximate relationship for 
quantum capacitance 2 2 202 /Q FC e vε π≅ = . 
Explicit differentiation of total sum of electron and hole densities in Eq.8 leads to the an exact 
relation [11] 
 
( ) 22
2 2
0
2e h F
F
d n n ee
d v
ε
ε π
+ = = ,     (11) 
 
which is valid both for positive and negative Fermi energies at any finite temperature. Integrating 
Eq.11 one gets a simple exact relation for sum of carrier densities useful for conductivity 
calculation 
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2
2 2
0
F
S e h resN n n nv
ε
π= + = += .     (12) 
 
The integration constant (residual concentration at the Dirac point) resn  turns out to be equal to 
the intrinsic concentration in  for ideal clean graphene. In this case the Eq.12 becomes an exact 
representation of the complicated form in Eq.8. 
3.3.  Quantum capacitance and electron-hole puddles 
Electron-hole puddles in graphene are another consequence of presence of the near-interfacial 
charged defects in the underlying insulator [15]. Electron-hole puddles modify quantum 
capacitance and conductivity near the charge neutrality point increasing its minimum values. The 
observed minimums of small-signal C-V characteristics are also strongly influenced by the 
electron-hole puddles. The long-range potential fluctuation induced by charged near-interfacial 
defects distributed in uncorrelated way in the insulator can be described by Gaussian distribution 
function 
( ) 2 221 exp 22
uP u
uu δπ δ
⎛ ⎞⎜ ⎟= −⎜ ⎟⎝ ⎠
,    (13) 
where u is fluctuating potential reckoning from a mean value, 2uδ  is the dispersion of 
potential fluctuation. The standard deviation for potential of uncorrelated near-interfacial defects 
can be assessed as [16] 
 
( )
4
2
2
04
imp
ox
eu nδ ππε ε=      (14) 
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and generally to be determined by a sum of the positively and negatively charged defect densities 
( ) ( )
imp imp impn n n
+ −= + ; oxε  is a half-sum of the dielectric constants for adjusted insulators. In the 
Thomas-Fermi approximation the local value of charge density can be written as 
 
( )( ) ( )( )
2
2 2
0
r
r FS F
u
n sgn u
v
εε π
−= − = ,     (15) 
 
where Fε is a uniform equilibrium Fermi energy of the inhomogeneous channel. 
At first we have to calculate the total net electric charge in graphene as function of Fε  taking 
into account occurrence of the long-range potential fluctuation and electron-hole puddles: 
 
( ) ( ) ( ) ( ) ( ) ( )
( )
2 2
2 2
0
2
2 2 2
2 2 22
0
2 exp .
22
F
F
p
F F F
F F
F F
eQ u P u du u P u du
v
e u erf u
v uu
ε
ε
ε ε επ
ε εδ ε ε δπ π δδ
∞
−∞
⎛ ⎞≅ − − − =⎜ ⎟⎜ ⎟⎝ ⎠
⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎜ ⎟ ⎜ ⎟= + + −⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎢ ⎥⎝ ⎠⎣ ⎦
∫ ∫=
=
 (16) 
 
Then the quantum capacitance accounting the electron-hole puddles becomes  
 
( ) ( )
22 2
2 2 22
0
2 2 exp
22
p
p F F F
Q
F F
uQ eC e erf
v uu
δε ε ε
ε π ε π δδ
⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ⎢ ⎥⎜ ⎟ ⎜ ⎟= = + −⎢ ⎥⎜ ⎟ ⎜ ⎟∂ ⎜ ⎟ ⎝ ⎠⎢ ⎥⎝ ⎠⎣ ⎦=
.  (17) 
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This equation differs from 2 202 /Q FC vε π= =  only in the vicinity of the CNP ( 1/22| |F uε δ< ). It 
does not contain temperature since to be only valid for a condition 
1/22
Bk T uδ< . At the CNP we 
have the minimum quantum capacitance in disordered graphene  
 
( ) ( ) ( )
22
min 2 2
0
220p pQ Q F
ueC C
v
δε π π= = = = ,   (18) 
 
instead of Eq.10 which is valid for 
1/22
Bk T uδ> . 
3.4.  Gate capacitance 
Capacitance-voltage measurements are very important in providing information about the gated 
field-effect structures. The shapes both of C-V and I-V characteristics are determined by the 
dependence of the Fermi energy position in graphene on the gate voltage. Taking derivative of 
Eq. 2 with respect to Fermi energy, we have 
 
1 Q itG
F ox
C CdV
d Cε
+= + .     (18) 
 
Basic measurable small-signal parameter of the field-effect structures is the differential gate 
capacitance. The frequency-dependent input gate capacitance is determined as derivative of the 
gate charge density with respect to GV : 
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( )
( )
1
1 1
1
it QG G F
G
Q itG G F ox Q it
ox
C CN dN dC e e C CV dV d C C C
C
ωε
ε ω
−⎛ ⎞+⎛ ⎞∂= = = = +⎜ ⎟⎜ ⎟ ⎜ ⎟+∂ +⎝ ⎠ ⎝ ⎠+
.  (19) 
 
In contrast to generally time-dependent interface trap response the quantum capacitance is 
assumed to be instantaneous, i.e. the frequency-independent even in high frequency applications. 
Notice that CG is an increasing function of itC  and decreases with the gate small-signal 
frequency increase since the Cit logarithmically diminishes for high a.c. frequency due to carrier 
exchange rate suppression under fast gate signal. The carrier exchange between gapless graphene 
monolayer and near-interfacial traps in the gate dielectric occurs mainly due to elastic tunneling 
at the Fermi level (at low temperatures) or thermally activated tunneling at room temperatures. 
The full response of the traps is determined as superposition of responses of single traps. This 
superposition of the Lorentzian peaks with exponentially wide range of the recharging time 
results in a logarithmic dependence on AC frequency [17] [18] 
 
( ) ( )( )1 lnit it rC C lω λ ωτ= − ,     (21) 
 
where Cit is the low-frequency interface trap capacitance, l is a thickness of the trap location 
(assumed to be distributed uniformly, typically < 3 nm), λ  is the tunneling length or inverse 
imaginary wavevector (~ 0.1 nm). This means that a lower portion of the interface traps remains 
active at high frequencies [19, 20, 21].  
Additional problems arise when modeling characteristics at different temperatures. Typically the 
characteristic carrier exchange times decrease at elevated measurement temperatures leading to 
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an increase in the gate capacitance with temperature [21, 22, 23]. It has been found that the gate 
capacitance normally increases as temperature increases also due to appreciable increase of 
dielectric constant of the gate insulator [22]. 
Generally the gate capacitance decreases with interface trap density increase for all gate voltages. 
Loosely speaking, the capacitance of the two-plate condenser is determined by the effective 
length of the electric field lines between the two capacitor plates. In contrast to conventional 
metallic plates, the field line can penetrate through graphene sheet decreasing thereby 
capacitance of the graphene field-effect structures. This occurs due to moderate values of 
quantum capacitance in graphene especially near charge neutrality point. Mean values of field 
penetration beyond the graphene sheet are of order of distance between the carriers in graphene 
1/2 1
S Qn C
− −∝ . Interface traps suppress the field line penetration beyond the graphene plate making 
the capacitor more like a conventional metallic plate case. 
3.5.  Channel capacitance  
We discriminate distinctly the gate capacitance and “the channel capacitance” [20] (see also 
[24]) which is defined as the derivative of total carrier density S e hN n n= +  in the channel with 
respect to the gate voltage: 
 
( )
/
1
S S F ox F a
CH
G G F Q it ox
N dN d CC e e
V dV d C C C
ε ε ε
ε
⎛ ⎞∂= = =⎜ ⎟∂ + +⎝ ⎠
.   (22) 
 
Strictly speaking, CHC  is not the electric capacitance and cannot be represented in a form of an 
equivalent electric circuit. In contrast to the gate capacitance which corresponds to the small-
signal capacitance characteristics; the channel capacitance determines the small-signal current 
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parameters. For example, for linear regime when drain current of FET D S drI Wen v=  is expressed 
through the carrier’s drift velocity drv , the transconductance reads as follows 
 
D
m CH dr
G
Ig WC v
V
∂= =∂ .      (23) 
  
The gate capacitance is an even and non-zero function of the gate voltage at any finite 
temperature while the CHC  is the odd function changing the sign at the charge neutrality point. 
Beyond the vicinity of the CNP we have ( )Q ox F aC C ε ε= , and the gate and the channel 
capacitances turn out to be connected in graphene gated structures through the relation 
 
1G it
CH Q
C C
C C
= + .      (24) 
 
All relationships for the differential capacitances remain valid for any form of the interface trap 
energy spectra. In an ideal case, the channel capacitance ( )CH GC V  should be symmetric with 
refer to the neutrality point implying approximately flat energy density spectrum of interface 
traps. Generally, the channel capacitance is a more appropriate concept for I-V characteristic 
description whereas the gate capacitance is a directly measured quantity in the C-V 
measurements. 
3.6.  Fermi energy and charge density as functions of gate voltage 
Solving algebraic Eq.4 one arrives at the relationship connecting explicitly the Fermi energy in 
graphene and gate voltage [11] with the gate insulator aε  (Eq.6) and the interface trap m (Eq.5) 
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parameters: 
 
( )1/22 2 2F a a GS NP am e V V mε ε ε ε= + − − .    (25) 
 
Fig. 4 shows the typical dependencies of the Fermi energy versus gate voltage at different 
interface trap capacitances. 
 
Fig. 4. Fermi energy in graphene simulated as functions of the gate voltage at different interface 
trap capacitances: (1)0; (2)10 fF/µm2; (3) 20 fF/µm2. 
 
Combining Eqs. 2 and 25 the explicit relation for graphene charge density dependence on gate 
voltage can be written as follows 
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( )2 1/22 2 2 2S G F G a a a G
ox
e n eV m eV m m m eV
C
ε ε ε ε= − = + − + .  (26) 
 
Defining for brevity the characteristic voltage  
 
2
2
0 1 ita a
ox
CeV m
C
ε ε⎛ ⎞≡ = +⎜ ⎟⎝ ⎠
,     (27) 
 
the latter equation can be rewritten as [25] 
( )
1 2
0
0
1 1 2 G NPS G ox G NP
V V
en V C V V V
V
⎛ ⎞⎛ ⎞⎛ − ⎞⎜ ⎟⎜ ⎟= − + − +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠
,    (28) 
 
where the interface trap capacitance is taken into account [26]. 
3.7.  Interactions and quantum capacitance 
In the absence of interaction the quantum capacitance (or, compressibility) is proportional to the 
thermodynamic density of states and, consequently, to the inverse single electron spacing in the 
system. Therefore the compressibility and quantum capacitance are expected to decrease due to 
repulsive electron-electron or hole-hole interactions since it costs more energy to add particles 
into the system. Quantum capacitance depends on the Fermi velocity in graphene 0v . Therefore, 
when interactions are taken into account, it has been predicted that the linear dispersion law 
under the single-particle picture will change and the Fermi velocity will increase dramatically 
towards the Dirac point [27]. Thereby, the interactions reduce the density of states at the Dirac 
point, making the system less metallic. More specific, the interactions are generally expected to 
19 
  
give rise to a logarithmic renormalization of the Fermi velocity ( maxn ~10
15 cm-2) [28] 
 
( ) ( )2 max0 00
0 00
ln
1
4 8
S
S
ox
n nev n v
vπε ε
⎡ ⎤⎛ ⎞= +⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦=
.    (29) 
 
Renormalization of the graphene Fermi velocity is the very important issue since 0v  is almost the 
only fundamental parameter in the theory entering into practically all observable quantities. The 
fact that it can vary as a function of energy should be taken into account for the correct 
interpretation of the experimental results [29]. 
4. Interface traps influence on C-V characteristics 
4.1.  Simple method of direct extraction of interface trap capacitance from C-V 
characteristics 
Influence of interface traps on C-V curves in field-effect devices is two-fold. Firstly, the total 
gate capacitance at a given Fermi energy in graphene increases with the interface trap density 
(AC response). Secondly, the gate voltage dependence on the Fermi energy ( )G FV ε  is 
influenced by the interface trap recharging during the gate voltage ramp that leads to the stretch-
out of the C-V curves along the gate voltage axis (DC response). All information about the 
energy level distribution of the interface trap density is contained in the dependence ( )G FV ε . 
Knowing the quantum capacitance QC  and using Eq.19 the differential interface trap density as 
function of Fermi energy reads immediately as  
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( ) ( )1Git ox Q
F
edVC C C
d
ε εε
⎛ ⎞= − −⎜ ⎟⎝ ⎠
.    (30) 
 
Capacitance-voltage measurements provide information about the Fermi energy as function of 
the gate voltage. Combining Eqs.18 and 19 one gets 
 
1F G
G ox
d C
edV C
ε = − .      (31) 
 
Using Eq.31 the Fermi energy at any applied gate voltage could be determined from integration 
of the experimental C-V curve (Berglund method [1, 5, 30]) 
 
( ) ( )/ /1G
NP
V
G G
F G G
oxV
C V
V edV
C
ε ⎛ ⎞⎜ ⎟= −⎜ ⎟⎝ ⎠∫ ,    (32) 
 
where the integration constant is chosen to be zero in graphene since the charge neutrality point 
at the capacitance minimum voltage VNP corresponds to the zero Fermi energy. This method is 
illustrated in Fig.5 where the C-V data from [31] are used as an example.  
 
 
 
 
21 
  
 
 
Fig. 5. Shadowed area corresponds to the Fermi energy as function of the gate capacitance 
CG(VG). C-V data are taken from [31](dox = 10 nm, εox = 5.3(Al2O3)). 
 
Numerical analysis of the experimental C-V curve with the Eq.32 enables obtaining of 
dependencies ( )G FV ε  and /G FdV dε  (see Fig. 6) containing theoretically all information about 
interface trap spectrum. 
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Fig.6 Dependencies VG(εF) (in Volts) and edVG/dεF (dimensionless) extracted numerically from 
the C-V data [31]. 
Sum of the quantum and interface trap capacitances as function of gate voltage can be obtained 
immediately from C-V characteristics 
 
1
1 1 G
Q it G G
G ox F
edVC C C C
C C dε
−⎛ ⎞+ = − =⎜ ⎟⎝ ⎠
.   (33) 
 
The dependence ( )G FV ε  allows to calibrate the abscissa axes and to obtain Q itC C+  as function 
of the Fermi energy. Fig.7 shows comparison of the theoretically calculated dependence of 
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quantum capacitance ( )Q FC ε  and experimentally extracted sum of the quantum and the 
interface trap capacitances 
 
 
 
Fig.7  Comparison of quantum capacitance vs Fermi energy CQ(εF) calculated with v0 = 1.3×108 
cm/s (curve 1), v0 =1.0×108 cm/s (curve 2, dashed line) and extracted curves 
CG(dVG/dεF) = CQ + Cit obtained numerically using Eq. 32 for experimental data taken from [32] 
(curve 3), and [31] (curve 4). 
 
The separation results for CQ and Cit are strongly dependent on a priori value of v0. As can be 
seen in Fig.7, a model-independently extracted curve ( )/G G FC dV dε  imposes limitation on 
numerical value of v0 which assumed here to be constant. In particular the quantum capacitance 
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calculated with v0=1.0 ×108 cm/s in an unphysical way exceeds ( )
expQ it
C C+  extracted from the 
experiments. A value v0 = 1.3 × 108 cm/s seems to be more appropriate for self-consistent 
description of the experimental C-V data. This circumstance may be explained by influence of 
electron-electron interaction which can significantly increase the effective Fermi velocity near 
the CNP. 
Unfortunately as well as for the Si-MOSFET case the methods of absolute differential spectra 
extraction are very sensitive to experimental errors and occasional uncertainties in parameters 
and data such as asymmetry of C-V curves, uncertainty in dielectric properties of insulators etc. 
For these reasons the extraction of difference ( )itD ε∆ , for example, before and after electric or 
irradiation stress could give more reliable results. 
Another useful approach is to extract a restricted set of parameters in the frame of a simplified 
model. In practice one can utilize an effective itC  parameter approximated as the mean of 
differential itC  spectrum over all the range of gate voltage. Interactions may enter in this 
approach through an effective renormalized value of the Fermi velocity. For example, one can 
extract a single “non-ideality factor” m and 0v  comparing the experimental dependence ( )F GVε  
derived by the method described in this section and Eqs. 4 or 25. Figure 8 shows an example of 
such comparison with the fitted itC  and 0v  for experimental C-V curve taken from [31]. Fitted 
parameters used are presented in Table 1. 
Table 1.  Fitted parameters 
 Cit, fF/µm2 Cox, fF/µm2 v0, 108 cm/s 
[31] 4.5 5.6 [31] 1.35 
[32] 10.0 4.7 [32] 1.35 
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Fig.8  Comparison of experimental data extracted from [31] (points) with the simulated curve 
calculated with the fitted parameters presented in Table 1. 
 
Notice that the experimental curve cannot be fitted at any itC  value (including zero) for often 
used v0 = 1.0×108 cm/s. This is obvious evidence in favor of importance of interactions 
significantly increasing the Fermi velocity near the CNP. 
4.2.  Modeling of C-V characteristics taking into account interface traps, electron-hole 
puddles and interaction effects 
The gate capacitance curves ( )G GC V  are formed by interplay of several poorly determined 
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parameters having just as fundamental so and occasional character: the Fermi velocity 
renormalization constants 00v  and resn , the interface trap capacitance Cit, and the typical 
dispersion of potential fluctuation in graphene 2uδ . The problem of parameter extraction turns 
out to be obviously over-determined and does not allow a unique solution based at least on a 
single C-V curve analysis. Let us illustrate this by comparison of simulation results and the two 
set of experimental data in Fig.9 [31] and in Fig.10 [32]. Simulations were performed with three 
different sets of fitted parameters (see Tables 2, 3) corresponding to (a) taking into account 
influence simultaneously of velocity renormalization, electron-hole puddles and interface traps; 
(b) only with interactions and interface traps; (c) only with interface traps ignoring interactions 
and electron-hole puddles. 
 
Table 2. Fitted parameters [31] 
 Cit, 
fF/µm2 
Dit,  
1012 cm-2 eV-1 
Cox, 
fF/µm2 
nres,  
1011 cm-2 
v00|v0(at CNP), 
108 cm-2 
‹δu2›1/2 
meV  
a 4.5 2.8  5.6[31] 3.5 0.59|1.38 70 
b 6.7 4.2 5.6[31] 3.5 0.59|1.38 - 
c 4.5 2.8 5.6[31] - 1.15|1.15 - 
 
Table 3 Fitted parameters [32] 
 Cit,  
fF/µm2 
Dit,  
1012 cm-2 eV-1 
Cox, 
fF/µm2 
nres,  
1011 cm-2 
v00|v0(at CNP) 
108 cm-2 
‹δu2›1/2, 
meV  
a 6.15 3.8  4.7[32] 7.3 0.86|1.6 100 
b 10.0 6.2 4.7[32] 7.3 0.86|1.6 - 
c 10.0 6.2 4.7[32] - 1.45|1.45 - 
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Fig.9. Simulated gate capacitance dependence in comparison with experimental points [31] with 
fitted parameters presented in Table 2: (a) solid line, (b) red and (c) green dashed lines. 
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Fig.10.  Simulated gate capacitance dependence in comparison with experimental points [32] 
with fitted parameters presented in Table 3: (a) solid line; (b) red and (c) green dashed lines. 
 
As can be seen from Figs. 9, 10 the experimental points can be well fitted for all the three sets of 
fitted parameters with reasonable values. The simulation results are rather sensitive to all of three 
influence mechanisms and at the same time these mechanisms can easily compensate each 
others. Electron-hole puddles have a significant impact on the C-V curves of graphene gated 
structures only near the neutrality point. As well as the interface traps, the electron-hole puddles 
tend to increase the gate capacitance at the neutrality point, mixing the effects and making it 
difficult to separate them experimentally. Particularly, the neglect of the electron-hole puddle 
contribution near the CNP can be compensated by itC  enhancement. An increase in v0 at the 
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CNP due to interactions would lead to a decrease in CG (VNP ) and can be compensated by 
enhancement of itC  and/or electron-hole puddle contribution. Branches of the C-V curves are 
practically insensitive to the interface traps and electron-hole puddles far away from the CNP but 
are sensitive to the interaction effects. 
5. Interface traps and conductivity 
The effect of traps on the conduction and mobility of single-layer graphene is briefly discussed 
in this section. 
5.1.  Low field conductivity 
Assuming the zero contact resistance, equal mobility both for electrons and holes and taking into 
account Eq. 12 the low-field conductivity can be written as  
 
( ) 20 0 0 2 2
0
F
e h rese n n e nv
εσ µ µ π
⎛ ⎞= + = +⎜ ⎟⎝ ⎠=
,   (34) 
 
where resn  is the residual carrier concentration at the CNP which assumed to be exactly equal to 
the intrinsic concentration in  in ideally homogeneous graphene or the total sum of carrier 
concentration in electron-hole puddles at the CNP. Using Eq.25 for ( )F GVε  one obtains 
 
1/2
0 0 0 0 0
0
2
1 G NPres ox G NP
V V
e n C V V V V
V
σ µ µ ⎛ ⎞⎡ − ⎤⎜ ⎟= + − + − +⎢ ⎥⎜ ⎟⎣ ⎦⎝ ⎠
,  (35) 
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where conductivity as function of the gate voltage turns out to be explicitly dependent through 
the characteristic voltage 0V  both on the oxide parameter aε  and on the interface trap 
capacitance itC . To obtain the conductivity of inhomogeneous graphene channel we have to 
calculate the mean sum of electron and hole concentrations in presence of long-range potential 
fluctuations 
 
( ) ( ) ( ) ( )
2 2
2
2 2 2 2
0 0
Fp
S F F
ueN u P u du
v v
δ εε επ π
∞
−∞
+⎛ ⎞≅ − =⎜ ⎟⎝ ⎠∫= = .   (36) 
 
Obviously, the Eq.36 implies that the residual carrier concentration at the CNP in Eq.35 [4] is 
determined immediately by the potential fluctuation dispersion 
 
( ) ( )
2
2 2
0
0pres S F
u
n N
v
δε π= = = = .     (37) 
5.2.  Modeling of graphene low-field resistivity 
We have examined for illustration the experimental results presented in Ref. [33] where the 
resistivity 01/ Se Nρ µ=  was measured as function of gate voltage for different graphene 
samples. Resistivity for different samples was simulated using analytic Eq. 35 with several fitted 
parameters. We have simulated these results using experimental mobilities 0µ  extracted by the 
authors of this paper. Excepting trivial NPV , we fit only the interface trap capacitance Cit and the 
residual concentration resn  for three different samples. The total charged defect density impn  then 
has been recalculated using Eqs. 37 and 14. Comparison of experimental and simulated results is 
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shown in Fig.11. 
 
 
 
 
Fig. 11  Comparison of experimental resistivity [33] (points) as functions of gate voltage for different 
samples S1, S2, S3 [33] and simulated curves calculated using Eq.35 with fitted parameters presented in 
Table 4. Carrier mobilities were taken from [33]. 
 
 
 
32 
  
The extracted parameters for different samples are summarized in Table 4. 
 
Table 4. Fitted parameters 
sample Cit, fF/µm2 nres, 1011 cm-2 nimp, 1011 cm-2 µ0, cm2/Vs  
S1 3.6 0.67 1.5 17500 [33] 
S2 9.5 1.6 3.5 9300 [33] 
S3 4.4 0.63 1.4 12500 [33] 
 
 
Simulation results exhibit an excellent agreement with the experiment in description of resistivity 
near the vicinity of the “Dirac peak” at reasonable values of parameters. This suggests that the 
widths of Dirac peaks are determined mainly by the interface trap density. Behavior of the 
resistivity dependencies at large |VG –VNP| (where ρ ≤ 1 kΩ/sq) is typically influenced by the 
contacts. Unfortunately the typical values of state-of-the-art graphene-metal contacts may be as 
high as hundreds of Ohm×µm and larger [34].  
6. Influence of interface traps on small signal characteristics of graphene FETs 
6.1.  Transconductance and field-effect mobility 
In contrast to the “true” low-field mobility 0µ  depending only on microscopic scattering 
mechanisms, the transconductance and the field-effect mobility should be considered as device 
characteristics depending as well on the gated structure parameters. For example, the 
transconductance is defined as m D Gg I V= ∂ ∂ , and in most cases has been extracted from the 
slope of the direct drain current dependence on the gate voltage [35, 36, 37, 38]. For the low-
field linear regime the transconductance ( 0( / )D S DI W L eN Vµ= ) is determined by channel 
capacitance CHC . Far away from the CNP we have the relationship [39] 
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0 0 0
11
Q ox
m D CH D D
it Q it ox
Qox
C CW W Wg e V C e V e VC C C CL L L
CC
µ µ µ= = =+ +++
,  (38) 
 
which shows that the transconductance as well as the CHC  decreases with increasing of interface 
trap capacitance. Eq.38 describes “concave” portion of I-V transfer characteristics until the curve 
becomes convex i.e. tending to saturation due to extrinsic factors (e.g. contact resistance). All 
field-effect devices are prone to the interface trap instabilities under influence of electric stresses 
or exposure of ionizing irradiation. The transconductance at fixed mobility 0µ  has an important 
property following immediately from Eq.38. Any alteration of the interface trap capacitance 
under external impact it it itC C C→ +∆  leads to a renormalization of the transconductance  
( ) ( )
1
m it
m it it
it
Q ox it
g C
g C C C
C C C
+ ∆ = ∆+ + +
.     (39) 
The greater an initial interface trap density itC , the lesser impact of the added itC∆ . 
Transconductance is closely connected to the so-called field-effect mobility FEµ  normally 
defined as [40] 
 
m
FE
ox D
gL
W C V
µ = .      (40) 
 
Taking into account Eq.38 this implies 
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Eq.41 connects the field-effect mobility FEµ  depending particularly on charge exchange with the 
extrinsic traps (defects in the gate oxides, chemical dopants etc.) and mobility µ0 depending only 
on “microscopic” scattering mechanisms. Thus the simple gm method is not appropriate for true 
mobility extraction in real structures, and 0µ  tends to be underestimated due to simultaneous 
recharging of the interface traps. Once the traps distribution could be determined, it’s the true 
mobility can be extracted out and a more accurate characterization of electric transport in 
graphene can be achieved [9]. 
Due to frequency-dependent interface trap response, the traditional DC measurements are not 
sufficient when considering graphene transistor for high frequency (> GHz) circuit design in RF 
applications. It has been found that RF I-V curves show 50% increase in transconductance as 
compared to their DC I-V characteristics [19]. The increase in transconductance is attributed to 
reduced itC  at GHz frequencies [19, 20]. Generally, the field-effect mobility is an increasing 
function of charge density with the zero minimum at the CNP due to an increase in quantum 
capacitance. Field-effect mobility usually never reaches its maximum value because of impact of 
extrinsic factors such as the parasitic contact resistances. 
6.2.  Cutoff frequency and logarithmic swing 
The cut-off frequency fT defined as the frequency at which the gain becomes unity is the most 
widely used figure-of-merit for RF devices and is, in effect, the highest frequency at which a 
FET is useful in RF applications. Omitting for brevity the problem of parasitic capacitances and 
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series resistances in the source-drain circuit, the cut-off frequency fT, i.e. the frequency at which 
the short-circuit current gain becomes unity can be written as [38] 
 
2
m
T
GG
gf
Cπ= ,      (42) 
 
where GG GS GDC C C= + , GSC and GDC  are the gate-source and the gate-drain capacitances in 
equivalent capacitance circuit.  Notice that GD GSC C<<  and GS GC C≤  for typical applications. 
Recalling that m CHg C∝  one gets [20] 
 
1
1
m CH
T
itG G
Q
g Cf CC C
C
∝ ∝ ∝
+
.     (43) 
 
As can be seen from Eq.43, the cutoff frequency is a decreasing function of itC , although an 
impact of itC  diminishes at large charge density in the graphene channel. 
Another important FET parameter is the logarithmic swing S which characterizes ION/IOFF ratio 
and capability to modulate transistor’s conductance [1]. The logarithmic swing (in Volts per 
drain current decade) equals numerically to the gate voltage alteration needed for current change 
by an order  
 
( ) 1 110log ln10 ln10D S S
G S G CH
d I dN eNSS
dV N dV C
− −⎛ ⎞ ⎛ ⎞≡ = =⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠
.   (44) 
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Using Eqs. 22 and 34 this formula can be written down as follows  
 
ln10 1 ln10 1
2
it Q it QS res aF
Q ox ox F ox
C C C Ce N enSS
C C e C C
εε
ε
⎛ ⎞ + +⎛ ⎞ ⎛ ⎞⎛ ⎞= + = + +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠
.  (45) 
 
Logarithmic swing should be minimized to obtain the maximum value of /ON OFFI I . In contrast 
to the Si-MOSFETs where SS = 70-100 mV/decade, such characteristics in gapless graphene 
cannot be achieved at any itC  (even zero) and Fε . This is a direct consequence of residual 
conductivity occurring in gapless graphene. 
6.3.  Low-frequency 1/f noise in graphene and traps 
The noise in the silicon MOSFET’s is dominated at low frequencies (< 100 kHz) by flicker or 1/f 
noise. Flicker noise in graphene structures has been widely investigated experimentally recent 
years (see the review [41] and references therein). Influence of the charge traps in the SiO2 was 
recognized as the primary source of 1/f noise in conventional silicon MOSFETs [42]. It is 
generally accepted that 1/f noise in FETs is described by the McWhorter model [43] which 
explains the characteristic spectral noise density by the carrier number fluctuations. It is assumed 
the low-frequency 1/f noise in FETs relates primarily to the exchange of carriers between the 
channel and defects located in the gate dielectric near the interface with the channel (slow 
interface traps or “border” traps [2]). Temporal fluctuations of occupancy of the traps with a 
broad range of characteristic recharging times result in temporal switching of the channel current 
(random telegraph noise [44]). Flicker noise with spectral power dependence 1 / f α  (α ~1) can 
be considered as superposition of the random telegraph signals from the traps with the 
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exponentially wide range of temporal constants arising due to tunneling [45]. According to the 
McWhorter model the correlation noise function  
 
( ) ( )
2
2 2
D oxI
D S
QS t
K t
I Q
δ∆ = ∆ ,     (46) 
 
where SQ  is total charge in the FET channel, 
2
oxQδ  is dispersion of trapped oxide charge 
which is dependent on the energy level density of interface (border) traps near the Fermi energy 
in graphene. Time-dependent retarded response function characterizing temporal behavior of 
trapped charge can be deduced as [18] 
 
( ) ( )''''
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1
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1 tt
ttEttE
l
ttK −⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=− θττ
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where ( )1E y  is the integral exponent function, the maximum and minimum times of tunneling 
recharging are connected as ( )max min exp /lτ τ λ= . Fourier-transform of the response function 
( ) ( )
0
i tK dtK t e ωω ∞ += ∫  yields 
 
( ) ( )( )
2
max
max min 2
min
11 arctan arctan ln
2 1
iK
l
ωτλω ωτ ωτω ωτ
⎧ ⎫+⎪ ⎪= − +⎨ ⎬+⎪ ⎪⎩ ⎭
.  (48) 
 
Real part of the response function for the frequency range max 1ωτ >>  and min 0ωτ →  yields 
characteristic frequency dependence of flicker noise 
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4
1Re λω ≅ .      (49) 
 
This theory is generic for all types of FETs. In practice, with a large SQ , the noise in graphene is 
typically higher than in conventional Si-MOSFETs, while a small SQ  yields lesser noise in 
graphene FETs compared to the silicon FETs [41]. As expected the suspended graphene devices 
show a 6-12 times lower 1/f noise than those with an insulator substrate [46]. 
6.4.  Ionizing radiation response  of graphene field-effect devices 
One of the main possible application fields of graphene-based devices is spaceborne RF 
telecommunications systems. Therefore, it is important to discuss the impact of ionizing 
irradiation on performance of graphene field-effect transistors. Ionizing irradiation leads to an 
increase in the input gate capacitance and to a decrease in transconductance, field-effect 
mobility, and cutoff frequency. In general, these effects are similar to the effects in the silicon 
field-effect devices and represent the following [47]. When the gated graphene structure is 
exposed to ionizing radiation, the electron-hole pairs are created in the gate insulator. Under 
positive gate bias at room temperature, the radiation-induced electrons with relatively high 
mobility (~10 cm2/Vs in the SiO2) rapidly drift to the gate and easily leave the oxide, while holes 
with extremely low mobilities (~10-5 cm2/Vs) move slowly toward the graphene. A lesser part of 
these holes can create (directly or indirectly) the positively charge defects playing the roles of the 
fixed oxide charge and/or rechargeable interface traps with occupancy depending on the Fermi 
level position in graphene. Oxide charge accumulation leads to the shifts of the transfer I-V or C-
V curve as a whole. The radiation-induced change of the oxide trapped charge ote N∆  which 
assumed to be located near the graphene (typically < 1-3 nm) can be characterized by a shift of 
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the CNP voltage  
( )0ot t F ox NPe N e N C Vε∆ = ∆ = = − ∆ .     (50) 
Notice that the positive charge buildup is expressed in the negative shift NPV∆  and vice-versa. It 
is commonly assumed that the hysteresis, often observed in graphene structures, originates from 
charge traps at the graphene/dielectric interface [48, 49, 50]. Typically the positive gate stress 
leads to electron capture onto the oxide traps, and the CNP shifts to the right. Delayed detrapping 
occurring at opposite direction of gate voltage sweeping has given rise to hysteresis in transfer 
curves in graphene devices as well as it often takes place in poor or irradiated MOS structures. 
Preliminary studies of the response of the graphene field-effect structures on SiO2 to low-energy 
x-ray and gamma radiation exposure [51, 52, 53] show the effects basically determined by 
buildup of the positive oxide charge, interface traps, and degradation of carrier mobilities, like in 
conventional silicon MOS structures. Radiation-induced interface traps are capable to distort the 
shapes of transfer curves degrading transconductance, field-effect mobility and input gate 
capacitance. Distortion of the curve shapes was found to be typically asymmetric for electron 
and hole branches, and the CNP shifts towards negative gate voltages, because the trapped 
charge has positive sign. On the contrary, irradiation in oxygen atmosphere leads to significant 
positive shifts in NPV  possibly due to oxygen adsorption [51]. It has been found that the 
minimum conductivity slightly increases after irradiation [53] likely due to occurrence of 
radiation induced electron-hole puddles at the CNP. Despite of the evidences about immediate 
breaking of the sp2 bonds in graphene by the soft x-rays [54], the annealing at elevated 
temperatures recovers nearly all radiation-induced changes, implying these changes are not the 
effect of the lattice defects formation in graphene [53]. Suspended graphene transistors also 
degrade under X-ray exposure, but less than graphene-on-SiO2 transistors [51]. Oxygen, 
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hydrogen, and other reactive concentrations must be decreased before graphene FETs fabrication 
in order to achieve greater radiation tolerance [51, 52, 55]. Similar to conventional silicon MOS 
structures, radiation hardness of graphene transistors can be improved by thinning of gate and 
substrate dielectrics [56].Technological methods to minimize the effect of interface traps are 
reviewed in [10]. 
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